To clarify the roles of the five sorbitol-and sucrose-related enzymes important to the development of 'La France' pear fruit, we traced the fluctuations in the activities and mRNA levels of these enzymes. Such an approach of simultaneously assaying five sugar-metabolizing enzymes is a first in pear fruit and the Rosaceae family. Both the activity and the mRNA level of NAD + -dependent sorbitol dehydrogenase (NAD-SDH) were high in young fruit, but decreased during fruit enlargement and rose again with fruit maturation. Sucrose synthase (SS) showed nearly the same fluctuation pattern as did NAD-SDH. The changes in both NAD-SDH and SS activities, based on fresh weight, were proportional to that of the relative growth rate (RGR) of the fruit. This suggests that they function closely in supplying hexose from the unloaded sugars in the phloem for active growth. Two isogenes of soluble acid invertase (S-AIV), S-AIV1 and S-AIV2, were present in pear fruit; the former was expressed highly in young fruit, whereas the latter was expressed both in young and mature fruits. The fluctuation pattern of the activity for sorbitol-6-phosphate dehydrogenase (S6PDH) was similar to that of NAD-SDH. However, the role of S6PDH in fruit is unclear. Although sucrose phosphate synthase (SPS) activity was higher in young fruit, it decreased and remained low with fruit maturation. This may be attributed to the finding that 'La France' pear fruit accumulates hexose but not sucrose. These results showed that NAD-SDH, SS, and S-AIV are of prime importance in supplying sugars for the development and accumulation of hexose necessary for pear fruit enlargement.
Introduction
The sugar content in fruit and the enhancement of fruit development are mainly dependent on the metabolism of unloaded sugars in the phloem and the accumulation of their metabolites. Pear (Pyrus communis L. var. sativa DC. 'La France') fruit belongs to the Rosaceae family, in which the translocating sugars are sorbitol and sucrose. Therefore, we investigated the changes in the activity and gene expression of sorbitol-and sucrose-related enzymes during the development of pear fruit.
As for sorbitol metabolism, the sugar alcohol that is translocated into the fruit (sink tissue) is converted to fructose by NAD-SDH. The expression of NAD-SDH paralleled the accumulation of fructose, so that its activity suggested a transcriptional regulation in the apple fruit (Yamada et al., 1999) , peach fruit (Yamada et al., 2001) , and loquat fruit (Bantog et al., 2000) . S6PDH, which synthesizes sorbitol in leaf, was reported to be present in Japanese pear fruit (Yamaki and Moriguchi, 1988) . However, its expression on the gene level was not investigated, so that its role in fruit development remains ambiguous.
In sucrose metabolism, the rise of SS and SPS activities rather than the decrease in S-AIV activity was related to the accumulation of sucrose with maturation of Japanese pear fruit (Moriguchi et al., 1992) . In particular, two isozymes of SS are present in fruit, one increases with fruit maturation and contributes to sucrose accumulation (Tanase and Yamaki, 2000) . SS was shown to contribute to the unloading of sucrose into tomato fruit, because antisense inhibition of SS decreased the unloading of sucrose to young fruit (D'Aoust et al., 1999) . Furthermore, the over-expression of SPS was reported to enhance sucrose unloading in transgenic tomato fruit . S-AIV is also associated with the control of the ratio of hexose to sucrose, which influences fruit size through osmotic pressure (Klann et al., 1996) . Two isogenes of vacuolar-AIV were found in grapes, one is expressed with fruit maturation and participates in the accumulation of hexose (Davies and Robinson, 1996) . Two isozymes of S-AIV from Japanese pear fruit have been purified and characterized (Hashizume et al., 2003) .
Consequently, the above five enzymes play prime roles in sugar accumulation and development of fruit. However, their gene expression has not been reported so that no studies on the comparison of gene expression between sorbitol-and sucrose-related enzymes have been made in Rosaceae fruit. The purpose of this study was to investigate simultaneously the activities of the five enzymes and their mRNA levels in relation to sorbitol and sucrose metabolism in the developing pear fruit.
Materials and Methods

Plant Materials
Ten to 20 fruits were harvested throughout the 2001 season from a 15-year-old pear tree, (Pyrus communis L. var. sativa DC. 'La France') grown in the orchard of Nagoya University. Fruit development stages were recorded as days after full bloom (DAF). The date of full bloom was April 5, 2001 . A portion of each fruit was diced into small pieces, placed immediately in liquid nitrogen, and stored at −80°C until used. All assays of the enzyme activities and mRNA levels were carried out in triplicate.
Total RNA extraction and northern blot analysis
The extraction of total RNA and blotting were described in the method of Bantog et al. (2000) . For hybridization, the probes for mRNAs were labeled by random primer incorporation of dUTP, linked to digoxigenin (DIG) by using the DIG-labeling Kit (Roche Diagnostics Co., IND, USA). The hybridization was carried out at 68°C in 5 × SSC (750 mM NaCl, 75 mM sodium citrate) that contained 1% (w/v) blocking reagent (Roche Diagnostics Co.), 0.1% (w/v) lauroylsarcosine, and 0.02% (w/v) SDS. The blotted membranes were washed in 2 × SSC that contained 0.1% (w/v) SDS for 5 min at 25°C twice and 0.1 × SSC that contained 0.1% (w/v) SDS for 15 min at 68°C twice. The hybridization was detected immunologically with alkaline phosphatase that was conjugated to antibodies against DIG and CDPstar (Tropix Inc., Bedford, MA, USA). Chemiluminescence was recorded on X-ray films.
Preparation of probes
cDNA fragments of pear NAD-SDH, S6PDH, SPS, SS, and S-AIV were amplified by RT-PCR. From the total RNAs that were prepared from mature leaves on July 7 for SPS, S6PDH, and SS or from mature fruit on September 13 for NAD-SDH and S-AIV, the first strand cDNA was synthesized by using an oligo dT-adaptor primer as recommended in the TaKaRa RNA PCR Kit (AMV) ver. 2.1 (TaKaRa Biomedicals, Shiga, Japan). Two oligonucleotide primers for each cDNA were designed as follows: For S6PDH, sense primer: 5'-TGGTGGAGGCCTGTAAGAAC-3', antisense primer: 5'-AGCTGTGGGAAGAACGCCGTG-3'; for NAD-SDH, sense primer: 5'-TGGTCGTGGGAGCAGGAC-CTATA-3', antisense primer: 5'-GTGAAGCCCCT-CATAACACATCGG-3'; for SPS, sense primer: 5'-GATTCTGATACTGCTGGTCAGGT-3', antisense primer: 5'-CTGCTTGTGGTGTTTAGGATAAGC-3'; for SS, sense primer:
Each PCR was performed with both primers by using the first strand cDNA described above as the template. An amplified fragment was cloned into a pT7BlueT-vector (Novagen, Madison, WI, USA) by the TA cloning method (Ichihara and Kurosawa, 1993) and sequenced by an ABI PRISM Big Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin-Elmer, Foster City, CA, USA) by using an automatic DNA sequencer (Model 373, Perkin-Elmer). In using this plasmid DNA as template, PCR was performed with the same primers. An amplified fragment was used as a probe in northern blot analysis. The cDNA fragments of S6PDH, NAD-SDH, SPS, SS, and S-AIV comprised 370, 441, 1098, 813, and 600 bp, respectively. The deduced amino acid sequences of pear S6PDH (DDBJ accession number: AB190795), NAD-SDH (AB190796), SPS (AB190797), and SS (AB190798) revealed about 95% identity to those of apple, about 90% identity to those of apple and loquat, about 80% identity each to those of Citrus unshiu, respectively. The PCR product of S-AIV consisted of two isogenes (S-AIV1 (AB190799) and S-AIV2 (AB190800)). S-AIV1 showed 73.5% identity to S-AIV2, based on amino acid sequence and about 80% identity to grape, while S-AIV2 revealed about 80% identity to Arabidopsis.
Enzyme extraction
S6PDH and NAD-SDH enzymes were extracted by the modification of the method of Yamada et al. (2001) . SPS, SS, and S-AIV enzymes were extracted by the modification of the method of Tanase and Yamaki (2000) .
Enzyme assay
S6PDH and NAD-SDH activities were determined spectrophotometrically, following the reduction of NADP + or NAD + at 340 nm, as described by Yamaki and Ishikawa (1986) . SPS, SS, and S-AIV activities were assayed by the method of Moriguchi et al. (1992) . The glucose produced was assayed by the glucose oxidase method (B-Test Wako Glucose Assay Kit, Wako Pure Chemical Industries Ltd., Osaka, Japan).
Protein extraction and determination
For the soluble protein assay, extracts of S6PDH and NAD-SDH from fruit were analyzed by the method of Yamada et al. (2001) .
Determination of relative growth rate
The relative growth rate (RGR) of fruit was calculated by the following formula: RGR = (In W n − In W n − 1 )/ (T n − T n − 1 ), where W and T represent the fresh weight and DAF on the sampling dates, respectively.
Results
Changes in fresh weight and relative growth rate
The sigmoidal curve of pear fruit growth was revealed that the relative growth rate of fruit was high in young fruit, dropped rapidly with fruit enlargement, and reached a minimum level at 92 DAF. Thereafter, it rose slightly, but temporarily in pre-mature fruit (106 and 123 DAF), and decreased again with maturation ( Fig. 1) .
Activity and mRNA level of NAD-SDH with fruit development The level of NAD-SDH mRNA was higher in young fruit, declined gradually with the enlargement of fruit, and reached a minimum level at 106 DAF. Thereafter, it regained its high level from 123 to 162 DAF when the fruit matured. The activity of NAD-SDH, based on fresh weight, was clearly high in young fruit (18 and 32 DAF), dropped significantly with fruit enlargement, and increased slightly again with fruit maturation. The fluctuation pattern of activity based on protein content throughout the developmental stages, was approximately proportional to that of the mRNA level (Fig. 2) .
Activity and mRNA level of S6PDH with fruit development
The level of S6PDH mRNA reached its maximum at 150 DAF, but it did not show a clear inclination throughout the developmental stages. The activity on a fresh weight basis was also high in young fruit (18 and 50 DAF), declined with fruit enlargement and rose again with fruit maturation. The growth increment in mature fruit conformed more clearly by the activity based on protein content rather than on fresh weight. However, we could not detect the activity at 32 DAF probably because of the artificial effect (Fig. 3) .
Activity and mRNA level of SS with fruit development
The expression of SS in fruit was similar to that of NAD-SDH. The level of SS mRNA was high on 18 and 32 DAF, ebbed with fruit enlargement but regained its high level when the fruit matured. The activity of SS on protein content basis paralleled the fluctuation pattern of the mRNA level (Fig. 4) .
Activity and mRNA level of SPS with fruit development
The fluctuation pattern of SPS mRNA, expressed at low level in fruit throughout the development stages, corresponded roughly to that of the SS mRNA level. The activity of SPS, based on fresh weight or protein content was high in young fruit, declined rapidly with enlargement, and increased only slightly with fruit maturation, similar to that of the mRNA level (Fig. 5) .
Expression of S-AIV with fruit development
The level of S-AIV1 mRNA was high only in young fruit, dropped rapidly with fruit enlargement and remained low with fruit maturation. On the other hand, the S-AIV2 mRNA was also expressed at a high level in young fruit, dropped with fruit enlargement, as did the S-AIV1 mRNA, but the level increased again as the fruit matured. The activity of S-AIV based on fresh weight, likewise, was high in young fruit, declined rapidly with fruit enlargement, and rose again slightly with fruit maturation. The increment in the maturing fruit was more obvious when based on a protein content (Fig. 6 ).
Discussion
The changes in NAD-SDH activity, based on fresh weight of pear fruit, were proportionate to those in RGR. The changes in activity, based on protein content, corresponded to those in the transcript level, as in other Rosaceae fruits (Yamada et al., 1999 (Yamada et al., , 2001 . Thus, it is considered that NAD-SDH in pear fruit plays an important role in sorbitol metabolism during the fruit enlargement phase. NAD-SDH in apple was reported to belong to a multigene family (Nosarszewski et al., 2004; Park et al., 2002) . We detected one band in the northern blot analysis by using the probe designed based on the coding region of the cDNA fragment. However, from our results, it is difficult to say whether pear fruits have isogenes. The changes in S6PDH activity were similar to those in NAD-SDH. However, the fluctuation pattern of its activity did not correspond to that of the transcripts. Based on our results, it is difficult to explain this discrepancy. We need to verify the presence of NAD- SDH and S6PDH isogenes by using other stages of pear fruit, and to analyze their expressions. Until then, we will not be able to clarify their gene expressions separately during fruit development. The role of S6PDH in pear fruit is not clear. The activity of S6PDH in mature fruit remained higher than that of NAD-SDH, as in the loquat fruit (Bantog et al., 2000) . S6PDH seems to contribute to sorbitol synthesis in the fruit itself, although hexoses were never converted to sorbitol in fruit (Hansen and Ryugo, 1979) . Consequently, it will be necessary to investigate the existence of a system with S6PDH synthesizing sorbitol in fruit itself. The fluctuation patterns of the expression of SS mRNA and the activity based on protein content were nearly the same. The trends in activity, based on fresh weight, were similar to those in the RGR; they suggest that SS plays an important role for sucrose metabolism during fruit enlargement as does NAD-SDH for sorbitol metabolism. It was reported that SS has two isoforms (SS I and SS II) in Japanese pear fruit. The role of SS I was the degradation of translocated sucrose in young fruit whereas SS II was the synthesis of sucrose in mature fruit (Tanase and Yamaki, 2000) . Our present result revealed a slight increase in SS activity in 'La France' pear of the hexose-accumulating type. However, SS activity increased clearly in the sucrose-accumulating type of other pear fruit (Moriguchi et al., 1992) . Although there is a possibility that pear fruit has SS isogenes, we detected only one band in the northern blot analysis by using the probe designed based on the coding region of the cDNA fragment. We need to find out if there are SS isogenes by using other stages or tissue samples, and to seek their expression. The SS isoforms and the direction of the SS enzyme reaction in vivo are important research areas in the future. The changes in SPS transcript level were in proportion to those of the activity based on protein content, but the activity increased only slightly with fruit maturation. However, sucrose production in mature fruit (0.2 µmol·h −1 ·g −1 FW) was very low, compared with the production in mature fruit of Japanese pear that accumulate sucrose (2 to 6 µmol·h
Since 'La France' mature fruit accumulates mainly fructose (about 50%), sorbitol (about 30%), and sucrose (about 5%), it seems that it is a hexose-accumulating type (unpublished data) which may explain the low SPS activity.
The probes for S-AIV1 mRNA and S-AIV2 mRNA did not cross-react with each other since the expression of S-AIV1 mRNA differed clearly from that of S-AIV2 mRNA in the leaf. S-AIV1 mRNA is expressed not only in leaf and fruit, but also in shoot apex, stem, and root, whereas S-AIV2 mRNA is expressed only in sink tissues of fruit, shoot apex, and root (data not shown). The levels of S-AIV1 and S-AIV2 mRNAs in pear fruit were high in young fruit and dropped with fruit enlargement. However, S-AIV2 mRNA increased again with fruit maturation. Thus, the supply of hexose in the vacuoles of young fruit seems to be caused by the expression of both S-AIV1 and S-AIV2 genes, the accumulation of hexose with fruit maturation may be an expression of the S-AIV2 gene. In grapes that accumulate much hexose, the levels of activity and transcript of S-AIV increased before veraison, at which the fruit started to accumulate hexose (Davies and Robinson, 1996) . Therefore, it would be very interesting to investigate whether the S-AIV2 gene is expressed or not in other hexose-accumulating fruit.
It is unclear yet whether the pathway in unloading of translocated sugars in pear fruit is symplastic or apoplastic. In the case of a symplastic pathway, sorbitol and sucrose are converted to their respective metabolites by NAD-SDH, and SS and neutral invertase, respectively. On the other hand, in the apoplastic pathway, cell wall (apoplastic) AIV will participate. In this experiment, both neutral invertase and apoplastic AIV activities were significantly lower than S-AIV (data not shown) and negligible, compared with the activities of SS and NAD-SDH. Thus, NAD-SDH and SS are mainly the enzymes involved in the unloading of sorbitol and sucrose in pear fruit. SS activity remained higher than that of NAD-SDH throughout the developmental stages, and contributed 60 to 85% of the sum of both activities (data not shown). This could mean that sucrose is more readily available as the main translocating sugar than sorbitol. However, the maximum activities of both enzymes in vitro may not necessarily reflect the activities of both enzymes in vivo since they are regulated by many factors in vivo. The translocating sugars in peach were composed of sorbitol (about 80%) and sucrose (about 20%) (Moing et al., 1997) . Similarly, the phloem exudate from the peduncle of apple fruit was composed about 70% sorbitol and about 30% sucrose (Klages et al., 2001) . The activities of NAD-SDH and SS functioning simultaneously to unload sorbitol and sucrose correlated with the enlargement of fruit as indicated by the RGR (Opara, 2000) . Sorbitol and sucrose unloaded in the fruit are actively converted to hexose by NAD-SDH and SS, respectively, whose activities are mainly regulated by their gene expression in fruit development. Thus, the fruit accumulates hexose, sucrose and sorbitol in the vacuoles; the sucrose in vacuole is then converted to hexose by S-AIV. Consequently, the osmotic pressure in the vacuole increased, resulting in an increase in tugor, which, in turn, leads to the enlargement and growth of the fruit.
